Recent studies have shown that faecal residue (dry weight) and Na and K increase with increasing levels of dietary fibre, an effect which may be related to unstirred layers that slow absorption and the flow rate of chyme through the gastrointestinal tract. Salts of Na are the primary osmotic components of chyme and influence both retention of fluid in the bowel and transit of fluid from the small to the large intestine. The present study examines the chronic effects of dietary Na and K intake on faecal Na, K and residue excretion. Male Sprague-Dawley rats were given 12-13 g feed/d (control (g/kg): Na 4, K 8.5) for 1 week, followed by a 4-week period where Na or K intake was altered (0-01-3 times control levels). These diets altered chronic (> 1 week) faecal residue excretion and affected Na and K excretion by 8-, 310-and 2100-fold respectively. Low dietary Na reduced faecal Na and residue; K excretion was doubled during week 1, but fell over weeks 2-4 despite a 4-5-fold increase in plasma aldosterone. Chronic high dietary Na increased faecal Na, residue and K despite a 60 % decrease in plasma aldosterone. Chronic low dietary K decreased faecal Na, K and residue and plasma aldosterone. Chronic high dietary K did not alter faecal Na and K despite increased faecal residue and a 4-5-fold increase in plasma aldosterone.
and its conjugate anions necessitates retention of water within the lumen since small intestinal absorption is isosmotic (Curran & Solomon, 1957; Fordtran et al. 1965; Fordtran & Locklear, 1966) . And so, Na salts determine the amounts of fluid contained in the small intestine (Gotch et al. 1957) and transferred from the small to the large intestine (Phillips, 1969; Phillips & Giller, 1973; Debongie & Phillips, 1978) . Fluid retained in the gastrointestinal tract with Na can dilute nutrients and limit their entry into unstirred layers, resulting in reduced absorption. This could reduce absorption and increase excretion.
Na also exerts an important influence on the large intestine's ability to secrete K. The lumen of the colon has a negative electrical potential which is established by active Na absorption and largely determines the rate of colonic K secretion (Frizzell et al. 1976) . Intestinal Na absorption and K secretion are both dependent on plasma aldosterone. Plasma aldosterone increases Na entry across the apical membrane of intestinal epithelial cells (Frizzell & Schultz, 1978) and increases the electrochemical driving force for K exit from colonic epithelial cells (Sandle et al. 1985) . In the present study we examine the effects of dietary NaCl and KC1 on plasma aldosterone and faecal Na excretion and their relationship with faecal residue and K excretion.
E X P E R I M E N T A L METHODS

Animals
Male Sprague-Dawley rats (250-275 g) from a colony maintained by The University of Mississippi Medical Center were isolated in stainless-steel metabolism cages (Lab Products, Maywood, NJ, USA). The cages had a stainless-steel screen on the bottom through which excreta passed into a collection funnel which directed urine into a collection bottle. The funnel was modified by the addition of a fine stainless-steel mesh over the collection port to prevent faeces from entering the urine collection bottle. Drinking water was dispensed from a calibrated bottle (Lab Products) which the rat could operate. Measured amounts of feed were dispensed by a stainless-steel feeder (Lab Products). Procedures were approved by the Institutional Animal Care and Use Committee.
Diets
Five diets were used in the present study. Four of these diets (control, high Na, low Na and high K) were based on a commercial diet (4881C-B for control, high Na and high K, and 4881C for low Na) obtained from Ralston Purina (Richmond, IN, USA). The basal diet consisted of (g/kg) : dextrin 427 (436.5 for the low-Na diet), casein (unpurified) 210, sucrose 150, maize oil 50, lard 50, Ralston Purina mineral mix without Na 50, solka floc 30, Ralston Purina vitamin mix 20, NaCl9-5 (0 for the low-Na diet), choline chloride 2, DL-methionine 1.5. Purina was unable to provide a low-K diet as most of the dietary K came from components other than the mineral mix. Therefore, a low-K diet from ICN (904665; ICN, Cleveland, OH, USA) was substituted. The low-K diet contained: sucrose 419.8, maize starch 215.8, purified casein (high-N) 297, butter 34.6, CaCO, 12.9, NaCl 9.9, and ICN vitamin diet fortification mixture 10. The actual Na and K values of the diets were determined by chemical analysis (see p. 327) and were (g/kg): Na 4, K 8.5, for control and high-Na or -K diets; Na 0.3, K 8.5, for the low-Na diet; Na 4, K 0.06, for the low-K diet.
The animals were fed on the control diet for 2 weeks before receiving the test diets. The first week of this control period served to adapt the rats to the diet. Control excretion rates were established from collections made during the second week of the control period. The animals were then fed on one of the test diets for 4 weeks. Animals were allowed ad lib.
access to either deionized water (control, low-Na and low-K groups), 150 mmol NaCl/I (high-Na diet) or 150 mmol KC1/1 (high-K diet). Feed was limited to 12-13 g/d (weighed to 1 mg), because the high-K group consumed no more than this in preliminary experiments. No unused food remained for any rat on any day of the excretion experiments reported here. Monitoring of consumption showed that changes in dietary Na did not alter K intake and changes in dietary K did not alter Na intake.
Analytical methodr;
All waste was collected, processed and analysed. Feed was also analysed for Na and K. Faeces were separated from non-faecal solid wastes, chiefly food crumbs, with a spatula and each pellet was brushed free of other solid waste using a sable brush. Pellets were counted and collected with non-faecal solid waste in separate crucibles that had been tared after drying. Crucibles were dried under partial vacuum (40 KPa) for 24 h at 90" and 1 h at 110", allowed to cool, and reweighed to determine faecal dry weight (residue). Faecal residue was ashed for 24 h at approximately 430" and the contents of each crucible digested in 1 ml analytical grade HNO, (700 ml/l; J. T. Baker, Phillipsburg, NJ, USA). Samples of feed of known weight were ashed in a similar manner and resuspended in a known amount of HNO,. The contents of each crucible were washed into a polycarbonate centrifuge tube and diluted with deionized water (5 ml per crucible for low-Na and -K diets and 50 ml per crucible for other diets; one crucible per week was needed for each rat on low-Na or low-K diets, while two to five crucibles per week were needed for each rat on other diets).
The Na and K contents of extracts of faeces and non-faecal solid waste and of centrifuged urine samples were determined by flame photometry using an Instrumentation Laboratories Model 343 (Lexington, MA, USA) flame photometer. The Na and K contents of non-faecal solid waste were subtracted from the corresponding Na and K contents of the feed to determine the actual Na and K intakes. There was no detectable background contamination in the crucibles or HNO,.
Parallel studies were conducted to measure plasma aldosterone and electrolytes, muscle ion and water contents, faecal water content, and weight gain. In these studies one group of rats received the control diet for 4 weeks to serve as a time-control. The other groups received one of the test diets for 4 weeks. The adapted or time-control rats were then isolated in a cage containing gauze pads soaked in halothane. When anaesthesia was verified by the absence of the deep tendon reflex and slowing of the corneal reflex, 3-5 ml plasma was collected by cardiac puncture in 100 U ammonium heparin for analysis by flame photometry, by vapour pressure osmometry (Wescor Model 1710, Logan, UT, USA), and by specific radioimmunoassay for plasma aldosterone. The right anterior tibialis was then removed, trimmed to isolate the muscle body from ligaments and muscle sheath, placed in a 10 mm x 75 mm glass tube that had been tared after drying, weighed, dried for 24 h at 90" and 1 h at 110" under partial vacuum, as described previously for faeces, and reweighed. HNO, (1 ml) was added to each tube and the tubes were tightly sealed with a double layer of Teflon tape and allowed to digest overnight. The tubes were further diluted with 1 ml distilled water and contents analysed by flame photometry. Faecal water was determined from fresh faeces, to avoid water loss. After the 4-week adaptation period, animals were isolated and observed until they defaecated. The pellet was immediately collected into a tared vial and weighed and then dried, as described for other faecal samples, and reweighed. and K excretion were evaluated using a paired-sample Student's t test. Relationships between faecal Na, K and residue excretion were analysed using simple linear regression. The 95 % confidence intervals (CI) of the intercepts were calculated as the 95 % confidence belts at the intercepts (Zar, 1974) . All tests of significance employed the two-sided assumption; P < 0.05 was considered significant.
RESULTS
Under control conditions faecal excretion accounted for 20 (SE 1) YO of Na and 10 (SE 1) YO of K excretion. In previous studies with rats faecal excretion accounted for 1 6 2 3 YO of Na and 10-11 % of K excretion (Sealey et al. 1970; Mohring & Mohring, 1972; Chabert et al. 1984) .
Dietary Na
After 4 weeks on the high-Na diet there was a 1.6-fold increase in faecal Na excretion (Fig. 1) ; 4 weeks on the low-Na diet decreased faecal Na excretion by 99 %. During the final week the high-Na group consumed 45.8 (SE 0-6) mmol Na and excreted 44-6 (SE 3.4) mmol Na, while the low-Na group consumed 0.15 (SE 0.00) mmol Na and excreted 0.20 (SE 0.10) mmol Na. Urinary Na excretion quadrupled on the high-Na diet and fell by 97 % on the low-Na diet (Table 1) . Faecal excretion accounted for 12 (SE 2)Yo of total Na excretion during Na repletion and 9 (SE 2) YO during Na depletion.
Dietary Na also influenced K excretion. The high-Na diet caused sustained increases in both faecal K (Fig. 2 ) and urinary K (Table 1) excretion, although K intake was constant. We normalized these K excretion values by subtracting the control value for weekly excretion rate from the excretion rate during each experimental week and a cumulative value from the sum of values for the four experimental weeks was obtained. Results (Fig. 3) show that the high-Na diet caused a negative K balance. This K loss was primarily accounted for by a weight loss of 5 (SE 12) g compared with a weight gain of 60 (SE 8) g for the controls (Table 2 ). The 65 g difference accounts for 55-59 mmol K with tissue K values of 84-90 pmol/g (Table 2 ), 60 YO of the difference in K retention. The ability of high salt intake to reduce weight gain has been reported by Sealey et QI. (1970) . With their ad lib.-fed diets, Sealey et al. (1970) also observed weight loss with increased dietary K. In preliminary experiments we found that this effect resulted from reduced consumption and we limited the consumption of all groups to prevent it (see pp. 326-327).
The low-Na diet caused biphasic changes in faecal K excretion. Faecal K increased during the first week of Na depletion (Fig. 2) as observed in acute studies in rabbit (Chabert et al. 1984) and dog (Field et al. 1954 ). However, this acute effect was actually reversed during chronic Na depletion since faecal K excretion during weeks 2-4 fell below that for controls (Fig. 2) . Low dietary Na also produced a kaliuresis ( Table 2) . Decreased faecal K excretion quantitatively offset the kaliuresis and K excretion over the entire study was as expected on the basis of the control values for K excretion rate (Fig. 3) .
Dietary K
The high-K diet had no significant effect on faecal K excretion, but the low-K diet reduced faecal K excretion by 99.94 YO (Fig. 2) . Urinary K excretion was tripled on the high-K diet and reduced by over 95% on the low-K diet (Table 1) . During week 4 the high-K group consumed 42-5 (SE 0.3) mmol K and excreted 39-8 (SE 3-6) mmol K and the low-K group consumed 013 (SE 0.00) mmol K and excreted 0.65 (SE 0.08) mmol K. Faecal excretion accounted for 5 (SE 2) YO of K excretion on the high-K diet and 2 (SE 2) % of K excretion on the low-K diet. Mean value was significantly different from that for the same group during the control week (two-sided
Week of experiment Changes in dietary K also caused changes in Na excretion. Urinary Na excretion was increased in the first week of high K intake (Table 1) . Although faecal Na was not significantly increased during any particular week (Fig. 1) each rat excreted more faecal Na in 3 weeks of the 4 weeks of K repletion, resulting in an excess faecal Na excretion of 1.9 t For details of dietary regimen and procedures, see pp. 326328. *P < 0.05; **P < 001.
(SE 0.6) mmol over 4 weeks (Fig. 4) . This compares with a cumulative increase in urinary Na excretion of 1-2 (SE 0.6 mmol (Fig. 4) during the same period. A 7 pmol/g decrease in tissue Na (Table 2 ) accounts for most of this Na loss (over 2 mmol for rats weighing in excess of 300 8). The low-K diet decreased faecal Na excretion (Fig. I) , but also increased urinary Na excretion (Table 1) so that there was no cumulative change in total Na excretion during K restriction (Fig. 4) .
Plasma electrolytes and aldosterone
The effects of diet on plasma electrolytes and aldosterone are presented in Table 2 . Changes in dietary Na did not measurably alter plasma K and Na concentrations, osmolarity, or packed cell volume after 4 weeks. Increased dietary K increased plasma K concentrations, and decreased dietary K decreased plasma K concentrations (Table 2) . Plasma aldosterone was strongly influenced by diet. Both low-Na and high-K diets increased plasma aldosterone by 4-5-fold, and both high-Na and low-K diets reduced plasma aldosterone by at least half (Table 2) .
Faecal residue and water Dietary Na and K also caused changes in faecal residue. These effects are presented in Fig. 5 . The high-Na and high-K diets approximately doubled faecal residue, while the low-Na and low-K diets reduced faecal residue by over two-thirds (Fig. 5) . Except for the low-K group, these changes were significant only after week 1 (Fig. 5) . Since faecal water evaporates rapidly, we determined the faecal water contents (mg/g) of the various diets in separate experiments. Fresh faecal wet weight (mg/g) was unaltered by diet ( Table 2 ), indicating that changes in faecal water excretion paralleled the changes in faecal residue (Fig. 5) .
DISCUSSION
Previous studies of the effects of dietary salts on faecal Na and K excretion focused primarily on the acute effects of these salts. We found important differences between the chronic and acute effects of changes in dietary salts. For example, acute Na restriction (1 week) was known to increase faecal K concentration or K:Na ratio which could result in increased faecal K excretion (Field et al. 1954; Edmonds, 1967; Charron et al. 1974) . We also observed this response during the acute phase of adaptation (Fig. 2) . However, the opposite result was seen during chronic adaptation (Fig. 2) because the volume of faeces was reduced, despite a high faecal K: Na ratio. In the present discussion we present models to account for the chronic effects of dietary Na and K on faecal excretion and as a basis for further studies. Analysis of the results of the present study provide an initial model to account for chronic faecal residue excretion. According to this model faecal residue excretion is the sum of an intercept, representing primarily fibre intake, plus non-fibrous excretion which varies with faecal Na excretion and plasma aldosterone. The relationships for high ( 2 1500 ng/l) and low (d 160 ng/l) plasma aldosterone values are presented in Fig. 6 . According to these relationships residue excretion is equal to 2.3 g/week (95 % CI 1-8,2.7) plus 2-6 g/mmol Na (95 ?LO CI 2.3,2*7) when plasma aldosterone was low (Table 2 ) and 3.6 g/week (95 % CI 3.3, 3.9) plus 5.4 g/mmol Na (95 % CI 5.1, 5-6) when plasma aldosterone was high. The high-K and low-Na groups received 2-6-2.7 g solka floc/week, accounting for three-quarters of the high plasma aldosterone intercept. The residual portion of that intercept may result from other indigestible components within the semi-purified diet or from another factor.
The slope of the faecal residue v. Na relationship may result from the effects of Na salts on small intestinal fluid balance. The small intestine cannot establish a strong osmotic gradient (Field et al. 1954; Edmonds, 1967; Phillips, 1969; Phillips & Giller, 1973; Debongie & Phllips, 1978) so that Na and conjugate anions in transit cause fluid to be retained within the gastrointestinal tract (Gotch et al. 1957) . The fluids retained can dilute nutrients, reducing their rate of entry into an unstirred layer which apparently limits intestinal absorption (Dietschey et al. 1971 ; Johnson & Gee, 1981 ; Fluorie et al. 1984; Fuse et al. 1989; Edwards, 1990) . The colon absorbs most of the Na leaving the small intestine and concentrates the remaining osmotic particles (Edmonds, 1967 ; Phillips, 1969 ; Phillips & Giller, 1973; Debongie & Phillips, 1978) , but does not participate materially in digestion or absorption of the carbohydrates and lipids that account gravimetrically for the substance of non-fibrous faecal residue (Bandrau, 1990) . Other factors contributing to the faecal residue v. Na relationship may include dilution of digestive enzymes, micelles, or other constituents of chyme that aid in the overall digestive process. The effect of aldosterone on the faecal residue v. Na relationship could reflect colonic extraction of Na, since the colon primarily mediates the aldosterone-induced dilution of Na that occurs within the gastrointestinal tract (Edmonds, 1967) .
Analysis of the data from the present study also yields the first quantitative model of chronic faecal K excretion. According to this model, faecal K excretion is related to faecal Na excretion and plasma aldosterone (Fig. 7) . When plasma aldosterone is low, faecal K excretion is equal to 055mmol K/mmol Na (95% CI 0-54, 056). When plasma aldosterone is high the relationship between faecal K and Na excretion was 0.55 mmol K/mmol Na (95% CI 0.48, 0.62). However, increased plasma aldosterone shifts the Faecal Na excretion (rnrnol/week) Fig. 7 . The relationships between faecal K excretion and faecal Na excretion when plasma aldosterone is low (0---0, high-Na and low-K diets) or high (@-a, low-Na and high-K diets). Values were obtained 2-4 weeks after the diet was changed and analysed by simple linear regression. The low-Na and low-K diets are those points where faecal Na excretions is < 1 mmol/week. The high-Na and high-K diets are those points where faecal Na excretion is > 1 mmol/week. For details of dietary regimen and procedures, see pp. 326-328.
intercept of the faecal K v. Na relationship from 0.0 (95% CI -0-1, 0-0) to 0-7 (95 YO CI 0.54, 0.80) mmol K. Faecal K excretion, therefore, is accounted for by a constant faecal K : Na ratio with aldosterone increasing faecal K by a mechanism independent of that ratio.
The faecal K v. Na relationship may result from electrical coupling in the exchange of
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Na and K in the colon (Wills & Biagi, 1982) . The colon modulates faecal K losses by a combination of active K secretion and active K absorption (McCabe et al. 1982 (McCabe et al. , 1984 Wills & Biagi, 1982; Foster et al. 1986) . Colonic K secretion is strongly stimulated by the lumen negative transepithelial potential created by active Na absorption (Frizzell et al. 1976) . This potential depolarizes the apical membrane and hyperpolarizes the basolateral membrane of colonic epithelial cells (Thompson et ul. 1982) , stimulating apical K exit and inhibiting basolateral K exit, which augments K secretion while retarding K absorption (McCabe et al. 1984) . This proposed electrically coupled K-Na exchange could explain why plasma aldosterone, which stimulates colonic Na absorption (Frizzell & Schultz, 1978) , does not entirely predict the chronic changes in faecal K excretion. Aldosteroneinduced stimulation of colonic Na absorption can inhibit the K-Na exchange by reducing available Na. However, aldosterone also exerts a stimulatory effect on faecal K excretion independent of faecal Na excretion (i.e. the intercept). This effect is probably caused by aldosterone-mediated increases in the apical membrane K permeability and the intracellular K activity (Sandle et al. 1985) due to increased Na, K-ATPase (EC 3.6.1 .37) activity (Charney et ul. 1975) on the part of colonic epithelial cells. The relationships we describe are specific for rat; we expect that the various constants will differ from species to species. In humans a small amount of bran chronically increases faecal Na excretion from 2.02 to 3*62mmol/d, faecal K excretion from 10.70 to 18-66 mmol/d, and faecal residue from 26.1 to 42-5 g/d (Eastwood et al. 1980 ). If we correlate data from this human study, the faecal residue v. Na relationship is 12.9 g/mmol Na without bran and 11.7 g/mmol Na with a bran supplement. Thus, the results from humans are qualitatively similar to those of rats since there was a fairly constant relationship between faecal residue and Na, but these results differ quantitatively in that the constant relating them (the slope) is several times greater in humans than in rats. Similarly, human faecal K excretion was 5-30mmol K/mmol Na without a fibre supplement and 5.15 mmol K/mmol Na with a dietary fibre supplement (Eastwood et al. 1980) ; constant within 3 YO, but with a slope ten times that of the rat.
Species differences in the faecal K v. Na relationship reflect the lesser importance of faeces in Na excretion and the greater importance of faeces in K excretion in humans than in rats. Western humans eating self-selected diets excrete 15-16 % of their K intake but only 2 YO of their Na intake in faeces (Holbrook et al. 1984) . Rats excrete about 10 % of their K intake and 20% of their Na intake in faeces (Sealey et al. 1970; Mohring & Mohring, 1972; Chabert et al. 1984) . These differences may result from the greater length of the human colon, the paucity of fibre in Western diets or other factors. Another similarity is that hyperaldosteronism increases the human faecal K:Na ratio (Charron et al. 1974) as the model would predict. Thus, the fundamental concepts relating residue and K to Na appear to hold for humans in retrospective analysis of published data.
Important observations were also made concerning the effects of dietary K on Na balance. K repletion for 4 weeks increased Na excretion by 3-1 mmol, although Na intake remained constant (Fig. 4) . Increased Na excretion and loss of tissue Na are both known effects of K adaptation (Blanchley et aI. 1986; Rabelink et al. 1990 ). The present study illustrates the quantitative importance of this relationship since the 7 pmollg wet weight difference in tissue Na content accounts for at least two-thirds of the Na loss in a rat weighing about 300 g by the end of the study. Thus, the present study demonstrates that K-induced 'natriuresis' chiefly results from loss of tissue Na. This may result from activation of Na, K-ATPase (Rabelink et al. 1990 ) which causes increased Na extrusion from the cells.
The second key finding about ionic balances is that changes in faecal excretion of Na and K did not always resemble the changes in urinary excretion in either direction or relative magnitude. Although K depletion causes natriuresis (Table l) , no change occurs in Na balance (Fig. 4) because faecal Na excretion is markedly reduced (Figs. 2 and 4) . The Na loss induced by K repletion (Fig. 4) was chiefly effected by increased faecal excretion. This contrasts with the fact that basal urinary Na excretion is four times the basal faecal Na excretion. These findings show that changes in ion excretion via a given route do not necessarily occur in proportion to the contribution of that route to basal excretion. These studies were supported by the National Institutes of Health (HL11678 and HL51971) and the Mississippi and Georgia Affiliates, American Heart Association. The authors are grateful for the helpful suggestions and comments of Drs A. C. Guyton, D. B. Young, T. E. Lohemeier, B. Van Vliet and especially Dr. J. A. Achord.
